Introduction
A temperature prediction model has been developed for controlling the casting superheat temperature. For ease of implementation, the model is intentionally made simpler having a combination of a one dimensional heat transfer model and a simple regression model. The model is based on the fact that the BOF temperature of the liquid steel along with the bath cooling behaviours controls the aimed casting superheat temperature. Starting with the steel liquidus temperature and calculating the required steel temperature backwards throughout the process line gives the targeted BOF tap temperature. The on-line picking up of actual data helps the model to predict for the next stage more accurately in forward direction. Based on the predicted steel temperature, plant operators can take any necessary corrective action like additional ladle heating and extra/reduced argon stirring to ensure the aim final ladle/tundish temperatures at the casting are achieved.
KEY WORDS: BOF; finite difference; ladle furnace; on line purging; regression; superheat; temperature; tundish. al. 13) used the finite element method for solving the two-dimensional dynamic heat conduction equation in the lining geometry, simultaneously with the energy balance equation for the perfectly mixed liquid steel. Radiation heat transfer above the slag surface was coupled with both the thermal state of the lining and the energy balance. Hence, radiation, convection as well as conduction in the lining were considered at each time step in the solution of the energy balance for the molten steel. Such computationally demanding models are suitable mainly for off-line simulations. Work of Shklyar 8) and Fredman 14) are primarily concerned with online simulation. Addes and Sabol 23) have developed a process model based on statistical approach to control the casting superheat.
The present paper describes an attempt to model the complex steel making and casting phenomena by a combination of one-dimensional heat transfer model and a statistical model. The heat transfer differential equations have been discretized through finite difference method and nonlinear regression has been used to capture the hidden pattern in voluminous data.
Identification of Causes
The BOF tapping temperature of the liquid steel along with the bath cooling behaviours controls the aimed casting temperature. For the assessment and pre-calculation of the cooling behaviour of steel from the BOF converter upto casting, all points of losses need to be considered. During tapping, the pouring liquid stream losses heat to the ambience and to the refractory of the converter mouth. During holding, transport and casting of the filled ladle the mean temperature of the steel decreases on account of different modes of heat losses. Liquid steel loses heat in the ladle mainly due to transient conduction through the ladle lining, convection and radiation from the ladle top and melting of ferroalloys added in the ladle. Heat loss from the top of the liquid steel depends on the depth of slag cover, cover powder type and its distribution and usage of a ladle lid. The temperature drop due to melting of ferroalloys depends on the quantity of ferroalloy additions and their chill factor.
The heat loss due to conduction through refractory lining is greatly affected by the temperature distribution in ladle lining. This process is dependent on the thermal status of the ladles, which is in turn dependent on the conditions during the return transport of the empty ladles from the continuous caster. The losses and important factors are summarised in Table 2 .
In addition, due to the natural convection there is a downward flow of ìcoldÅEsteel along the ladle wall. Different patterns of drainage flow may cause the outlet steel to be taken from the cold bottom layers or from warmer layers. When the steel is teemed into the tundish, it loses heat by conduction to the tundish wall and the slag. The behaviour of the temperature at the outlet of the tundish is influenced by the transport time as well as by steel flow phenomena, e.g. mixing and shortcut flows (Fig.  1) .
Thus, phenomenon such as slab cleanliness, centreline segregation, nozzle clogging, breakout, achievable casting speed and tundish life, etc., are influenced by the amount of superheat possessed by the liquid steel in the tundish/mould. Many quality and productivity limitations Fig. 1 . Summary of the mechanisms during holding and casting which have an influence on the steel temperature in the tundish. of a caster are, therefore, linked to the liquid steel temperature in the ladles. Hence, to carefully control the degree of superheat, it is very important to predict the loss of energy from the heat at all process steps from the converter to the casting machine. The control of steel temperature in the ladle has become very important as it impacts directly on the tundish/mould temperatures. Beside the thermal state of the lining, many other variables effect heat loss such as the extent of refractory wear and skull, ladle holding time, stirring time, nature and extent of ladle treatment (alloying etc.), slag amount and composition as well as the casting time.
The availability of a mathematical model that can incorporate all these process details so as to predict the temperature of the liquid steel at the various stage of its processing is thus paramount.
Mathematical Model
The cycle of a direct route that a ladle undergoes at LD2&SC is shown in Fig. 2 . For estimation of the targeted BOF tap temperature for the right casting temperatures, the steel liquidus temperature is the starting point and the required steel temperature should be calculated backwards throughout the process line (Fig. 3) . The temperature losses at the various stages between the BOF converter and the continuous caster need to be taken into account in order to determine the required tapping temperature. The following equation can be used: Thermal condition of a ladle changes continuously with change in its hot face temperature. Therefore, transient heat transfer analysis is considered for the computation of temperature in the multi-layer refractory lining of ladles and to cover up the process from an empty ladle waiting for tapping up to on-line purging. The finite-difference technique is employed to discretise the governing differential equations in cylindrical coordinates. Heat losses through the side wall and the bottom of the ladle are computed separately. A lumped mass analysis is employed for the computation of the liquid steel temperature.
Ladles in Tata Steel typically carry 130 tonnes of liquid steel. Relevant properties of the ladle used in the computation are listed in Table 3 .
The ladle is considered to be cylindrical and structurally symmetrical (Fig. 4) . For sake of simplicity, the steel contained therein is assumed to be a perfectly stirred liquid with uniform temperature. Even though this assumption is known to be unjustified-mainly because of thermal stratification of the melt-the degree of the temperature gradient in the molten steel upto OLP can be considered minor. Afterwards, the stratification has been tried to address by a polynomial relation in the sub-model II.
The used governing heat flow equations and boundary Bottom: for 0ՅzՅz 1 ,
Boundary conditions: (a) Outer surface of the ladle: The heat transfer coefficient is obtained for free-convection from a long vertical cylinder. The general boundary conditions as well as some specific boundary conditions are applied accordingly as required for different stations. Since the liquid steel in the ladle looses heat through the ladle wall and bottom refractories via conduction and through top surface via convection and radiation, the total heat loss is calculated as a summation of each of the individual heat losses at each of the following stations.
Ladle Heating Tapping into a cold ladle is always undesirable; it adversely affects the refractory lining in addition to causing a significant drop in the liquid steel temperature. Hence, ladle heating is very crucial for proper control of superheat of liquid steel. Usually a green (new) ladle is heated by a vertical gas burner till it attains the desired temperature. For predicting the temperature of the refractory lining with respect to the heating time, boundary conditions at the inner surface of the ladle is obtained from the literature. 24) A mixture of coke oven gas and LD gas with 20 % excess air has been considered as the combustion gas. When the ladle is recycled once then the initial profile of the refractory lining is calculated taking into account the life of the ladle and its turn around time.
Ladle Waiting before Tapping
The hot empty ladle loses heat in the turn around time. During this period the ladle loses heat from the outer surface by natural convection and radiation as already mentioned. Additionally, the inner hot face of the ladle loses heat by radiation only.
Tapping
Since the starting point of the model is the tapping temperature of the liquid steel in the converter, the heat losses in liquid steel are considered from this stage.
Loss of heat from the liquid steel during tapping, by the conduction through the converter lining is computed from the correlation proposed by Omotani et al.
Heat loss from the liquid stream falling into the ladle is quantified as per the recommendation of Henzal and Keverian. 25) During the tapping of the liquid steel alloy, cold additions to liquid steel are made causing changes in the liquid steel temperature. The chill factors 26) for ferro-alloys are incorporated to calculate the changes in the temperature occurred due to their additions.
On Line Purging
At the OLP station, the liquid steel is purged with argon gas for homogenisation of the temperature and the composition. The modes of heat losses are conduction through refractory lining, loss/gain due to additions, and radiation loss from the top surface. The presence of skull at the ladle bottom is incorporated in the model to quantify the heat loss from the liquid steel due to skull. It was found through plant trials that the average drop in liquid steel temperature due to thin skull is 8.8°C and due to thick skull is 11.4°C.
Validation
The mathematical model for the new ladle heating is tested with the actual data observations. In the plant, the hot face temperature of the ladle is measured by a radiation pyrometer as indicated in Fig. 5 . The accuracy of the measurement was Ϯ20°C (actualϳmeasured). The prediction of the hot face temperature from the model is found to be very close to actual measurements. The effect of delay on the temperature of the wall lining is shown in Fig. 6 . This delay is between the end of preheating and start of tapping.
Finally, the steel temperature prediction in OLP after synchronizing all the previous activities is validated against plant data and is found to be within Ϯ5°C from the actual value for 66 % of the heats and within Ϯ7°C for 97 % of the heats (Fig. 7) .
Results of Sub Model I
A. The validation up to OLP strengthened the fact that purging has great impact on the homogenisation of the bath temperature and thus on the matching of the prediction with plant measurements because the thermal stratification was not assumed in the calculations of the model. The argon flow rate usually varies from 400 to 600 L/min in the plant. The prediction is within the range for those heats which were well purged at OLP. It is found that purging less than 2 min leaves the bath non-homogenised. In actual measurement this non-homogenised condition gives the temperature of a stratified layer whereas the model calculates the mean temperature based upon all parameters of influence. This hypothesis is cross checked with special trials in the plant made at OLP. One temperature was just taken as the ladle came in OLP and another after the full purging. The model was run to predict temperature of the liquid bath for both of these timings with and without the purging effects. The result appeared as was expected. The temperature measured before purging and the model prediction were not matching though the same heat after sufficient purging was showing good match with the model prediction afterwards (Figs. 8  and 9 ). Thus the idea of getting a homogenised bath, only after at least 2 min of purging done is reinforced through the model. B. The model is run for several heats and the contribution of different modes of heat loss at each station up to OLP is summarised ( Table 4) . A large fraction of the input energy given by coke oven and LD gas to heat the ladle at ladle heating station is lost with the combustion exhaust gases and only one fourth is consumed to increase the heat © 2004 ISIJ content of the refractory bricks. During tapping, one-third of the total heat loss is contributed by the losses through the vessel refractories and the pouring stream of the liquid steel. At OLP station, the radiation loss from the top surface is responsible for 30 % of the total heat loss where as the 70 % loss occurs through conduction into the refractory linings.
C. Typically a) 55-60 % of the total heat is lost through the ladle wall refractory, b) 15-20 % through the ladle bottom, and c) 25-30 % is lost through slag. D. It is observed that the hot face temperature immediately starts decreasing due to continuous heat loss and the internal temperature in the brick layer remains relatively higher. A relation of turn around time with drop in liquid steel temperature has also been established (Fig. 10) .
E. The one-dimensional heat transfer model was tried further to calculate the heat loss during ladle teeming and during holding period before teeming, but the plant validation was not found encouraging. It becomes difficult to exactly model the teeming without getting into complex fluid dynamics or rigorous view factor calculations.
Sub Model II: Statistical Model

Model Description
Developing a 2-dimensioanal or 3-dimensional heat transfer and fluid dynamics model to cover the complex phenomena of holding and teeming are not supportive for an on-line prediction model, as these model would be lengthy and time-consuming. If a fast calculation is needed, e.g., for production control, analytical equations are of interest. 23) With the view of analytical/statistical solutions for holding and teeming period, followings are the subjects of concern: ∑ The thermal status of the ladle and its effect on the decrease of the steel temperature while holding the liquid steel in the ladle. ∑ The thermal stratification and drainage flow in the ladle, and their effect on the temperature in the outlet steel stream. ∑ The mixing and steel flow in the tundish and their effect on the temperature at the outlet end during teeming.
Holding period When the homogenised bath waits for the teeming to start, the held bath gets thermally stratified in some layers. Estimates from literature 27) indicate that if the cooling rate of liquid steel is constant, there is a constant rate of increase of the thermal stratification. This rate is approximately proportional to the cooling rate and the cooling rate during the holding period is a function of holding time, slag thickness and the ladle thermal status. Thus the thermal stratification can be expressed as:
Thermal stratificationϭf (slag thickness, ladle thermal status and holding time)
Slag Thickness and Holding Time It has been observed that during holding period significant temperature stratification occurs in the melt with the thick slag layer, and the degree of stratification increases with the holding time. However, due to the insulating cover effect, the heat loss through the top is minimal and the average temperature of the melt doesn't decrease much. For a thin layer of slag, resulting in appreciable heat loss from the top, the bulk of the melt in the ladle is well mixed due to the strong buoyancy driven convection currents. This, in turn, results in temperature homogenization of the melt. However, due to appreciable heat loss through the top, the average temperature of the melt decreases continuously, and the trend continues during pouring of the melt from the ladle. In a study done by Chakraborty and Sahai, 28) temperature during pouring of the teem stream declines by only 5 to 10°C over 47 min of casting time for an insulating slag layer whereas, for a thin slag layer the temperature of the pouring stream declines by about 45°C from the start of teeming of the melt to the end of the casting period.
In LD2&SC, the slag thickness for a direct route heat varies from 40 to 60 mm which can be put under the single slag category, i.e. thin, to avoid the complexity of slag depth measurement. Heat loss through the top slag layer is estimated from the correlation proposed by Szekely et al. 29) The study of heat loss and thermal stratification with respect to the varying slag thickness gives some hint for the drainage flow and temperature drop pattern during teeming for same kind of heat but different thickness of slag cover which varies as per the plant condition.
Ladle Thermal Status and Holding Time
The thermal stratification increases as the initial ladle wall temperature decreases, and is drastically influenced by the ladle thermal state of ladle. When a green ladle comes to the shop, it is preheated sufficiently for minimum of 8 h for changing the refractory condition from cold to high heat content condition. For a circuitous ladle, the turn around time (after end of teeming to start of tapping) plays the lead role for the ladle wall temperature before tapping. The effort on the shop floor is being put over to reduce the turn around time.
It has been observed that the history of the thermal stratification at a certain initial thermal ladle state can be very well represented by a fourth-order polynomial 30) as follows: Where DT s (t) is the temperature difference between the top and bottom layer of liquid bath due to thermal stratification. The coefficients a 0 to a 4 depend on the initial thermal states of the ladle. The mean steel temperature decreases with time because of heat loss into refractories and to the ambient from the slag surface. Austin 27) suggests that the rate of development of thermal stratification is proportional to the cooling rate of liquid steel. Thus, similar to thermal stratification, the mean steel temperature with time can again be well represented by a fourth-order polynomial depending upon the initial ladle thermal state. Where T int is the initial uniform temperature of liquid steel before holding period. Here, the OLP-out temperature is taken as T int , which is considered as homogenised after sufficient amount of purging. T s,avg (t) gives the mean steel temperature in ladle, the first reactor, after holding it for time t. The pouring of liquid steel from ladle into tundish starts in 'tϩ1' time so the first temperature of liquid steel in tundish is definitely the same temperature calculated by Eq. (7) at 'tϩ1' time. But the temperature of that poured liquid in tundish is influenced by the temperature history of the existing liquid steel in this second reactor. The liquid steel already present in tundish has a mixing effect with the new steel coming in and the resulted temperature will be a function of T s,avg (t) and existing steel temperature T past .
Thus, the Eq. (7) of the first temperature T tun1 of the liquid steel in the tundish is modified
Since the validity of this expression holds for a particular ladle thermal status, it is necessary to capture all possible combinations of the turn around time and the ladle lifethe two key factors responsible for a ladle thermal condition. A suitable relation is found by doing regression over large number of data.
Where, tϭholding time (min). This expression is used in the statistical model and validated against the plant data. The R 2 value of the regression coefficient is 0.73 and the standard error is Ϯ4.2°C with 95 % level of confidence that means, the 67 % of the prediction of first tundish temperature lies in the range of Ϯ4.2°C, where as 95 % and 99 % of the prediction fall in the range of Ϯ8.4°C and Ϯ12.6°C respectively.
Teeming Period
As fluid flows out of the nozzle from a stratified ladle its temperature at the exit point reflects the liquid withdrawal pattern within the ladle. The ladle during teeming is usually lid-covered. The study 27) shows that the temperature curves during drainage generally take the form: This correlation represents a short-term exponential decay with a long term linear trend and is highly supported by the casting pattern of LD#2 slab casting also. The subsequent temperatures T tund(t) of the liquid steel in the tundish are found to be well represented by a function of time and the temperature T tun1 (discussed earlier) attained by the poured liquid steel in the tundish after few minutes of teeming. In practice, this is the temperature measured in the tundish after approx. 10 min of the ladle opening. The actual equation with known coefficients is as follows:
Where tϭcasting time (min). This expression is found to efficiently explain the pattern of the subsequent temperature drop during teeming. The R 2 value of the regression coefficient for this expression is 0.81 with a standard error of 5 i.e. 67 %, 95 % and 99 % of the prediction lie in the range of Ϯ5°C, Ϯ10°C and Ϯ15°C respectively.
Validation
To validate the result of holding period, the model is run for 225 data and 60 % , 75 % and 90 % of the predictions are found in the range of Ϯ5°C, Ϯ7°C and Ϯ10°C (Fig. 11) . The relation of teeming period is validated with 300 data and highly encouraging results are obtained. Figure 12 for the prediction of subsequent casting temperature shows that 75 %, 88 % and 95 % of the predicted value were within Ϯ5°C, Ϯ7°C and Ϯ10°C. Superior results are expected in due course of on-line operation.
Several other factors are considered to make the relation further better, explained below.
Temperature of the Existing Liquid Steel
Temperature of the existing liquid steel was considered similarly as was done for the first tundish temperature to see the impact over the stream temperatures but no improvement was observed. The result supports the science behind it. The temperature of the existing liquid steel has a primary influence when the new liquid steel poured into the tundish. With time, the old liquid is replaced by the coming new liquid and assuming good mixing of old and new liquid, the first temperature of steel plays the overleading role in the state of the subsequent temperatures. But incorporating the volume of left over liquid steel of last heat to calculate the mixing effect will give undoubtedly improved results. This work is currently being done.
Drainage Rate
The effect of drainage on the bulk flow pattern is expected to be quite significant. In LD2&SC, the drainage rate is usually kept fixed at 1.1 m/min but the throughput changes with the variation in the slab section size. The effect of the slab section size for different throughput was examined for improving the relation but the factor was found to be neutral (neither improvement nor worsening) over the results.
Turn around Time
The performance of the Eq. (10) was subjected under different turn around time ranges but again not much of change is found on the subsequent tundish temperatures.
Temperature Prediction Model (TPM)
The two sub-models are integrated and a GUI is incorporated into the model. Once the thermal status of ladle in terms of turn around time is known, the drop in steel temperature with time in ladle can be estimated using the TPM model. The developed model calculates temperatures in both-forward (Fig. 13) and backward (Fig. 14) -direction. Using fed data, it produces results for operators at all strategic points. The first prediction of the liquid steel temperature path for a heat is generated at the start of tapping. For a given grade and section size the optimum final aimed ladle steel temperature prior to casting is generally known. At this time the other information needed are: ∑ Ladle thermal status (turn around time and ladle life) ∑ Estimated alloy additions to be added during tapping ∑ Estimated tapping time ∑ Estimated purging time ∑ Estimated holding time ∑ Estimated casting time ∑ Steel quality grade ∑ Cast section size For the desired casting temperature the liquid steel temperature just before tapping or just after on-line purging is predicted with the combined help of the developed one dimensional transient heat transfer model and the statistical model (Fig. 15) .
During the steelmaking process route the model receives further information about actual events. The liquid steel temperature path is predicted till last the casting, given the measured BOF temperature/measured OLP-out temperature with other useful information (Fig 16) . This mathematical model is capable of being activated at any point of time. Thus it is used to update the predicted process and to produce a revised liquid steel temperature path for the remainder of the cast. Based on the predicted steel temperature or temperature path, plant operators take any necessary cor- Fig. 13 . Configuration of the mathematical model for forward prediction. rective action like additional ladle heating and extra/reduced argon stirring to ensure the aim final ladle/tundish temperatures at the casting are achieved.
Conclusion
∑ A comprehensive model of simple heat transfer calculations and statistically found relations have been developed to control casting superheat deviations by correctly predicting the target BOF temperature and the likely tundish steel temperature. ∑ The heat transfer model takes care of the heat losses in the ladle upto secondary metallurgical treatment. Afterwards the non-linearity and complexity of the cooling phenomena are better captured through statistically developed relations. ∑ The validated thermal model shows that during preheating of the new ladle most of the input energy goes out with the flue gas. About one-third of the heat is lost from the liquid steel through the vessel and falling stream during tapping. ∑ The simulations give a good approximation of the distribution of total heat loss through the ladle wall, bottom and slag layer. Most of the heat transfer takes place by conduction through the ladle wall.
∑ The results also show that the cooling effect of turn around time (empty ladle time) on liquid steel is widened as the charged ladle travels onward through the steel making and casting process. ∑ One important conclusion of the simulations and trials is to emphasize upon the importance of sufficient amount of purging. It is found that the 130 t liquid steel bath does not get homogenized within 2 min by 400 to 600 L/min of argon purging. ∑ The temperature of the existing liquid steel of last heat in the tundish affects the final temperature of the new liquid steel coming out of the ladle and hence should be taken into account for calculating target BOF temperature for the new heat.
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